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Abstract—For the generation of static magnetic fields solenoids
are frequently used for the purpose of research and development
of magnetic field sensors. When such a sensor is to be analyzed
with regard to its inherent noise the influence of other noise
sources of the measurement system needs to be minimized. This
article reports on the low-frequency magnetic noise within such
a coil system. On the one hand, the impact of the intrinsic noise
of the coil itself and on the other hand the impact of additional
current noise of various commercially available current sources,
which accordingly also leads to magnetic noise within the coil,
are investigated. With low-frequency values in the range of a few
tens of fT/
√
Hz, the coil’s inherent noise is mostly neglectable.
However, frequently utilized current sources for the generation
of a static magnetic bias field lead to significant low-frequency
magnetic flux noise typically in the nT/
√
Hz regime. It is found
that this noise cannot be decreased by increasing the coil’s
magnetic sensitivity, i.e. the magnetic flux density as a function
of the static current. Instead, current sources with very high
current-to-current-noise ratios are required.
I. INTRODUCTION
Similar to biasing bipolar [1, pp. 83-88] or field-effect tran-
sistors [1, p. 149] by static currents and voltages, respectively,
various types of magnetic field sensors also require a magnetic
biasing for maximizing their sensitivity, e.g. sensors based
on the magnetostrictive effect. For practical applications, a
suitable operating point can be realized via magnetostrictive
multilayers, i.e. an exchange bias system [2]. For the purpose
of research and development electromagnets are generally
used to determine field-dependent properties of a sensor.
With regard to the characterization of signal properties or
sensitivities coils are generally well suited. However, if the
intrinsic noise of a magnetic field sensor is to be determined
as a function of an external and static magnetic field, see e.g.
[3], the influence of other noise sources of the measurement
system needs to be minimized or reduced below the inherent
noise of the sensor, respectively. State-of-the-art magnetic field
sensors, e.g. sensors based on the ∆E effect, currently reach
inherent noise levels as low as e.g. 70 pT/
√
Hz at a frequency
of 10 Hz [4]. Thus, the additional magnetic noise of the
biasing coil system needs to be distinctly smaller than this
value, e.g. 1 pT/
√
Hz at a frequency of 10 Hz. Apart from
certainly existing exceptions, the frequency range of interest
is approximately from 1 Hz (often also below) to 1 kHz.
This article reports on the low-frequency magnetic noise
inside such a coil system. All investigations were carried out
on a specific coil, the structure of which is explained below.
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Fig. 1: Photography of the coil system under investigation
consisting of two coils wound on top of each other. The inner
coil (DC coil) is used for generating static bias magnetic fields
and the additional outer coil (AC coil) enables the generation
of dynamic magnetic test signals.
Two different noise sources are considered. On the one hand,
the impact of the intrinsic noise of the coil itself and on the
other hand the impact of additional current noise of various
commercially available current sources, which accordingly
also leads to magnetic noise within the coil, are investigated.
II. COIL SYSTEM
The coil system under investigation of which a photography
is shown in Fig. 1 consists of two cylindrical coils, i.e. two
solenoids, which are wound on top of each other. The reason
for the requirement of two coils is that in measurements for the
characterization of magnetic field sensors typically not only a
coil for the static bias field is needed, in the following referred
to as DC coil, but also an additional coil for the generation of
dynamic test fields is required, in the following referred to as
AC coil.
Both coils are wound on a DN 40 plastic pipe with an
outer diameter of 5 cm. By means of two 3D printed stoppers
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2TABLE I: Overview of all relevant parameters of the investigated coil system.
Parameter Symbol Inner coil (DC coil) Outer coil (AC coil)
Coil length l 15 cm 15 cm
Number of turns N 8 x 90 = 720 2 x 300 = 600
Wire diameter dw 1.5 mm 0.4 mm
Inner diameter di 5 cm 4.5 cm
Outer diameter do 7.4 cm 7.7 cm
Effective diameter deff = di + (do − di)/2 6.2 cm 7.6 cm
Cross-section area A = pi · (deff/2)2 30.2 cm2 45.4 cm2
Coil sensitivity S = µ0N/l 6.03 mT/A 5.03 mT/A
5.95 mT/A (measured) 5.06 mT/A (measured)
Coil inductance L = µ0N2A/l 13.1 mH 13.7 mH
10.4 mH (measured) 10.2 mH (measured)
Coil capacitance C 770 pF (measured) 980 pF (measured)
Parallel resonance frequency fres = 1/(2pi
√
LC) 56.2 kHz (measured) 50.3 kHz (measured)
Wire length lw = Npideff 140 m 143 m
Wire resistance per meter rw 21.8 mΩ/m 136 mΩ/m
Wire resistance Rw = rwlw 3.1 Ω 19.5 Ω
1.43 Ω (measured) 19.28 Ω (measured)
Proximity effect loss resistance Rp 550 Ω (measured) 1.8 kΩ (measured)
Intrinsic magnetic noise (f < 1 kHz) Bn 32 fT/
√
Hz 15 fT/
√
Hz
(black) with a diameter of 10 cm the coil system directly fits
into an ultra high magnetic field shielding mu-metal cylinder
ZG1 from Aaronia AG in which all magnetic measurements are
typically performed. The inner distance between the two stop-
pers yields the length of both coils of l = 15 cm. The inner coil
(DC coil) consists of 8 layers of 90 windings each, resulting
in a total number of turns of N = 720. The copper wire itself
has a diameter of dw = 1.5 mm (manufacturer: Elosal). The
outer coil (AC coil) consists of 2 layers of 300 windings each,
resulting in a total number of turns of N = 600. The utilized
copper wire has a diameter of dw = 0.4 mm (manufacturer:
RS PRO). All relevant parameters of the two coils, some of
which will be introduced and further explained below, are
summarized in Tab. I.
III. MAGNETIC SENSITIVITY
One of the most important properties of the coils is their
magnetic sensitivity, i.e. the generated homogenous magnetic
flux density B as a function of the current through the coil
I . For a cylindrical and long air coil (relative permeability
µr = 1) without any ferromagnetic core, the sensitivity
S =
B
I
=
µ0N
l
(1)
can be calculated based on the coil’s total number of turns
N and its length l [5, p. 939]. The additional term µ0
represents the vacuum permeability (µ0 = 4pi · 10−7 Vs/Am).
With Eq. (1) values of 6.03 mT/A (DC coil) and 5.03 mT/A
(AC coil) result.
Both sensitivity values were confirmed by measuring the
magnetic flux density B inside the coils utilizing an FM 302
teslameter (uniaxial probe AS-LAP) from Projekt Elektronik
GmbH connected to a lock-in amplifier SR830 from Stanford
Research Systems for each coil being fed by a Keithley 6221
current source with an alternating current of an amplitude
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Fig. 2: Measured sensitivities of the two coils as a function
of the frequency revealing constant values of 5.95 mT/A (DC
coil) and 5.06 mT/A (AC coil) for frequencies below several
kilohertz.
of Iˆ = I/
√
2 = 100 mA. The results are shown in Fig. 2
and reveal constant sensitivities of 5.95 mT/A (DC coil) and
5.06 mT/A (AC coil) for frequencies below several kilohertz.
At higher frequencies above the inductor’s parallel resonance
frequency the coils no longer behave inductive but capacitive
[6, p. 15] (see the following section) leading to decreasing
sensitivities.
IV. ELECTRICAL IMPEDANCE
The electrical impedance Zcoil = Rcoil + jXcoil of a coil is
frequently described by an equivalent circuit as depicted in
Fig. 3 [6, pp. 15-20]. In this circuit, L is the coil’s inductance
which can be calculated by
L =
µ0N
2A
l
(2)
3C
RwL
Rp
Fig. 3: Equivalent circuit of an air solenoid with the inductance
L, the wire resistance Rw, and the parasitic capacitance
between the windings C. The parallel resistance Rp covers
for additional loss mechanisms.
where A is the cross-sectional area of the air solenoid [5, p.
1006]. For the two coils under investigation with parameters
as listed in Tab. I, Eq. (2) yields theoretical inductances
of 13.1 mH (DC coil) and 13.7 mH (AC coil). Additional
parameters of the equivalent circuit are the resistance of the
wire Rw, the parasitic capacitance between the windings C,
and the parallel resistance Rp covering for additional losses
such as losses in the coil’s core material (such hysteresis losses
do not occur in an air solenoid), losses due to the skin effect,
losses due to eddy-currents, and losses due to the proximity
effect [7].
The electrical impedance Zcoil = Rcoil + jXcoil of both
coils was measured utilizing a calibrated impedance analyzer
Bode 100 from OMICRON Lab with the results shown in
Fig. 4. For research and development purposes the DC coil
is generally used more frequently compared to the AC coil.
For this reason and because of the coupling of both coils, the
impedance of the DC coil was measured for various cases. As
shown in Fig. 4a and Fig. 4b both the real and the imaginary
parts slightly depend on the connection state of the AC coil,
i.e. whether it is unconnected or connected to a current source
(here it is connected exemplary to a frequently utilized current
source Keithley 6221). However, these differences only occur
in the frequency regime of the inductor’s parallel resonance.
In the practical relevant frequency range below 10 kHz the
electrical impedance of the DC coil is not significantly affected
by the connection state of the AC coil. Characteristic for the
measured impedance curves are the constant real part at low
frequencies due to the resistance of the wire (Rw) and the
parallel resonance frequency [6, p. 16]
fres =
1
2pi
√
LC
(3)
at fres = 56.2 kHz (DC coil) and fres = 50.3 kHz (AC coil),
respectively. In addition, in contrast to an ideal coil, it is
noticeable that the real part of the impedance increases with
higher frequencies. These losses are attributed to the proximity
effect and can be calculated using the Dowell model [8].
Based on the measurements of the electrical impedances all
parameters of the equivalent circuit (Fig. 3) can be determined,
yielding values of L = 10.4 mH, Rw = 1.43 Ω, C = 770 pF,
and Rp = 550 Ω (DC coil) and L = 10.2 mH, Rw = 19.28 Ω,
C = 980 pF, and Rp = 1.8 kΩ (AC coil). As shown in Fig. 4,
both coils are sufficiently described by the equivalent circuit
(red dashed lines) in the low-frequency range below 10 kHz.
In fact, for this frequency range, the capacitor can even be
neglected (C = 0, black dashed lines).
V. MAGNETIC NOISE DUE TO COILS INTRINSIC NOISE
According to the fluctuationdissipation theorem (FDT) ev-
ery loss mechanism corresponds with fluctuations. In the
particular case of a loss-representing electrical resistance the
FDT simplifies to the well-known JohnsonNyquist theorem
[9], [10] that relates the voltage fluctuations, i.e. the voltage
noise density Vn =
√
4kBTR across the resistance R with
the temperature T (in the following room temperature with
T = 290 K). The term kB represents the Boltzmann constant.
The coils under investigation exhibit two loss mechanisms
as discussed above which are considered by the two resistances
Rw and Rp in the equivalent circuit (Fig. 3). Accordingly,
there are also two voltage noise sources which can be de-
scribed by the voltage noise densities
Vnw =
√
4kBTRw (4)
and
Vnp =
√
4kBTRp. (5)
As shown above, the capacitance C of the equivalent circuit
can be neglected in the relevant frequency regime below
10 kHz. Thus, based on the superposition principle, two sim-
ple expressions for the corresponding current noise densities
through the coil can be derived that are given by
Inw =
Vnw
|Rw +Rp + jωL| =
√
4kBTRw
(Rw +Rp)2 + (ωL)2
(6)
and
Inp =
Vnp
|Rw +Rp + jωL| =
√
4kBTRp
(Rw +Rp)2 + (ωL)2
. (7)
With the magnetic sensitivity S, which relates a current
through the coil with a magnetic flux density within the coil,
the magnetic flux noise density is given by
Bn = S ·
√
I2nw + I
2
np (8)
= S ·
√
4kBT (Rw +Rp)
(Rw +Rp)2 + (ωL)2
(9)
when the two noise sources are assumed as statistically in-
dependent. Thus, the noise increases proportionally with the
sensitivity of the coil. With the (measured) values as listed
in Tab. I virtually frequency-independent values as low as
B
(DC coil)
n = 32 fT/
√
Hz and B(AC coil)n = 15 fT/
√
Hz re-
sult (dashed and dotted lines in Fig. 5). Due to the rigid
connection of both coils, these values cannot be verified
separately. Instead, only the sum of the noise contributions
of both coils
Btotaln =
√(
B
(DC coil)
n
)2
+
(
B
(AC coil)
n
)2
(10)
can be measured, whereby it can be assumed that both noise
contributions are statistically independent of each other. Based
4100 101 102 103 104 105
100
101
102
103
104
(a) Real part of the DC coil’s impedance
100 101 102 103 104 105
10-2
10-1
100
101
102
103
104
(b) Imaginary part of the DC coil’s impedance
100 101 102 103 104 105
100
101
102
103
104
(c) Real part of the AC coil’s impedance
100 101 102 103 104 105
10-2
10-1
100
101
102
103
104
(d) Imaginary part of the AC coil’s impedance
Fig. 4: Measured real (left) and imaginary (right) parts of the DC (top) and AC coil (bottom) from which the parameters of the
equivalent circuit (Fig. 3) are extracted as summarized in Tab. I. The DC coil was characterized for several connection states
of the AC coil revealing that the relevant low-frequency behavior below 10 kHz is not affected by the AC coil’s connection
state.
on Eq. (10), a total magnetic flux noise density as low as
35 fT/
√
Hz can be expected (black solid line in Fig. 5).
To verify this value, two magnetic noise measurements were
performed with an optically pumped magnetometer (QZFM
from QuSpin with a bandwidth of 100 Hz) inside a magnetic
shielding chamber (Vacuumschmelze GmbH & Co. KG, [11,
p. 117]). The measurement results are shown in Fig. 5 and
basically confirm a magnetic flux noise density within the
unconnected coil of several tens of fT/
√
Hz (red solid line)
in the frequency range between 10 Hz and 100 Hz. It is true
that the measured values are slightly increased compared to
the previously calculated noise. However, the increase in the
noise level compared to a reference measurement outside
the coil (gray solid line) is clearly visible. In addition, the
intrinsic noise of the utilized OPM is also in the range of
about 10 fT/
√
Hz, which also affects the result of the noise
measurement within the coil. Below 10 Hz the inherent noise
of the sensor and additional disturbances are even higher.
Nevertheless, these results can be regarded as verification of
the noise calculation and show in particular that the inherent
magnetic noise of such a coil is largely negligible, at least
when utilized with sensors based on the magnetostrictive
effect.
VI. MAGNETIC NOISE DUE TO CURRENT NOISE OF
EXTRINSIC CURRENT SOURCES
The inherent noise of the coil with low-frequency values in
the range of a few tens of fT/
√
Hz has turned out to be very
low, i.e. in the same order of magnitude as the inherent noise
level of state-of-the-art optically pumped magnetometers. If
the coil is fed by an external current source to generate
magnetic fields, it must be assumed that additional noise
will occur. In the following, the additional noise of several
commercial sources is characterized. However, since sensitive
magnetic field sensors are generally saturated by the generated
magnetic fields, the characterization is performed electrically
instead.
For these characterizations, the magnetically shielded DC
coil is supplied with relatively high currents while the voltage
noise density across the DC coil Vn is measured with a dy-
namic signal analyzer SR785 from Stanford Research Systems.
With the previously determined electrical impedance of the
coil, both the current noise density through the coil
In =
Vn
|Zcoil| (11)
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Fig. 5: Calculated and measured magnetic flux noise density
inside the solenoid. The measurements were performed with
an optically pumped magnetometer and confirm the increased
noise floor within the unconnected coil (red solid line) in
comparison to a reference measurement outside the coil (gray
solid line). Under the given circumstances that the detectivity
of the utilized sensor is only slightly below the inherent noise
of the coil and impairs the measurement accordingly, the
measurement results can be regarded as verification of the
model calculations.
and the magnetic flux noise density within the coil
Bn = S · In = S · Vn|Zcoil| (12)
can be calculated, where the sensitivity S is again utilized
for the conversion between current and magnetic flux density.
As before, the magnetic noise is directly proportional to the
magnetic sensitivity of the coil. The results shown in Fig. 6
reveal a significant increase in magnetic flux noise to values,
depending on the frequency, in the nT/
√
Hz regime if the coil
is fed with a relatively high current of 1 A. Only in case the
coil is fed by a Keithley 6221 current source whose output
current is limited to 100 mA the noise floor is in the range of
some tens of pT/
√
Hz. Although it can be seen that its noise
increases with low frequencies, this is due to the noise limit of
the measurement system, i.e. the inherent noise of the signal
analyzer (black line).
VII. ANALYSIS & CONCLUSION
We reported on the equivalent magnetic flux noise density
within a pair of two coils that are typically used for the purpose
of research and development of magnetic field sensors, e.g.
sensors based on the magnetostrictive effect. Besides an anal-
ysis of the magnetic sensitivity and the electrical impedance
of both coils, the focus was on the investigation of the coils
noise behavior. Based on the losses within the coil, which are
taken into account by corresponding resistors in the equivalent
circuit, the inherent noise of the coil could be calculated and
metrologically verified. In the low-frequency range, however,
this magnetic flux density is only in the range of a few tens
of fT/
√
Hz.
The DC coil is used for research and development purposes
to generate static bias flux densities B, typically requiring val-
ues up to B = 5 mT depending on the magnetic material [12].
With a sensitivity of the investigated coil of S = 5.95 mT/A
this value corresponds with a current of I = 0.84 A. However,
measurements have shown that the additional current noise
In of commercial current sources then leads to a significant
increase of the magnetic flux noise density Bn typically in
the range of some nT/
√
Hz (depending on the actual source
and the frequency). Such values are obviously too high for
application with magnetic field sensors with a low-frequency
inherent noise below 100 pT/
√
Hz.
In addition, it has been shown that a Keithley 6221 cur-
rent source with a maximum current of I = 100 mA results
in a significant lower magnetic flux noise density. Apart
from the fact that the resulting noise is still well above
Bn = 10 pT/
√
Hz, one could come up with the idea to
increase the magnetic sensitivity S to solve the problem. This
would result in lower current I to generate a required magnetic
bias flux density B. However, based on Eq. (1) and Eq. (12),
the magnetic-flux-density-to-magnetic-flux-noise-density ratio
can be expressed as
B
Bn
=
S · I
S · In =
I
In
(13)
which is obviously independent of the magnetic sensitivity S
and which is only determined by the current-to-current-noise
ratio of the current source. For exemplary values of B = 5 mT
and Bn = 1 pT/
√
Hz a current-to-current-noise ratio of
I
In
=
B
Bn
=
5 mT
1 pT/
√
Hz
= 500 · 109
√
Hz (14)
or
10 · log10

(
I
In
)2
1 Hz
 dBHz = 194 dBHz, (15)
respectively, would be required. Although, to the best of
our knowledge, no commercial current sources are available
that reach that value, literature reports on ultra low-noise
semiconductor current sources with achieved values as high
as 190 dBHz [13], 135 dBHz [14], 128 dBHz [15], 122 dBHz
[16], and 172 dBHz [17], each at a frequency of 1 Hz. In
addition, it must be mentioned that these current sources are
usually limited to output currents of a few tens of mA, so that
a coil with a much higher magnetic sensitivity S would still
be required.
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Fig. 6: Measurements of the magnetic flux noise density in the DC coil (c), by means of electrical measurements of the voltage
noise density across the DC coil (a), and corresponding calculations of the current noise density through the coil (b) for various
commercial current sources. The black line represents the noise limit of the measurement system, i.e. the noise floor of the
utilized signal analyzer SR785 from Stanford Research Systems.
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